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Summary
5
The single crystal structure of the methylated sequence d(CCGGTACm CGG) has been

solved as an antiparallel stacked-X Holliday junction to 1.5 Å resolution. When compared to the
parent nonmethylated d(CCGGTACCGG) structure, the duplexes are translated by 3.4 Å along
the helix axis and rotated by 10.8° relative to each other, rendering the major grooves overall
more accessible. A Ca2+ complex is seen in the minor groove opposite the junction, but is related
to the B-conformation of the stacked arms. At the junction itself, the hydrogen bond from the

replaced by a water bridge. Thus, this direct interaction is not absolutely required to stabilize the
junction at the previously defined ACC-trinucleotide core.

The more compact methylated

+
junction forces the Na out of the protected central cavity of the nonmethylated junction and into

a solvent cluster that spans the space between the junction crossover and the stacked arms. A
series of void volumes within the methylated and the nonmethylated structures suggests that
small monovalent cations can fill and vacate this central cavity without the need to completely
unfold the four-stranded Holliday junction.

2

Downloaded from http://www.jbc.org/ at GEORGE FOX UNIV on April 2, 2015

N4 nitrogen of cytosine C8 to the C7 phosphate at the crossover in the parent structure has been
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Introduction
A four-stranded DNA complex was first proposed by Holliday as the key intermediate to
effect strand exchange during homologous recombination (1). Consequently, the structure of the
Holliday junction is recognized as an important component in a number of cellular processes,
including the exchange of genetic material between homologous regions in chromosomes, and
during repair of or replication through DNA lesions (reviewed in 2 and 3). Furthermore, the
product of the human breast cancer associated BRCA2 gene (4) has been shown to promote

displays junction binding and corresponding antirecombinase activity (5). In recent years, the
detailed single crystal structures of junctions have been determined by X-ray crystallography in a
series of DNA constructs (reviewed in 6). A comparison of these structures shows a certain
degree of conformational flexibility and sequence specificity in their formation. We report here
a high-resolution single crystal structure of the Holliday junction in a sequence that incorporates
a methylated cytosine.

The structure shows that both the interactions at the core and the

geometry relating the DNA arms that extend from the junction are variable, suggesting flexibility
in the types of sequences that can be accommodated by the junction, and flexibility in the
detailed conformation of the junction itself.
The structure of Holliday junctions has been the subject of biochemical studies since the
1960s (recently reviewed in 7). In solution, the conformation is known to adopt an extended
open-X form under low salt conditions, but will collapse to the more compact stacked-X form in
the presence of both monovalent and multivalent cations (Figure 1a). Thus, interaction with ions Fig. 1
is important in defining the conformation of these four-stranded complexes.

The intrinsic

structure of DNA junctions have only recently been seen in detail in the single crystal structures
of two DNA/RNA complexes (8, 9), the mismatched sequence d(CCGGGACCGG) (10), the

3
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homologous recombination, while the BLM gene product associated with Bloom's syndrome
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symmetric sequence d(CCGGTACCGG) (11), and the psoralen adducts of the sequences
d(CCGGTACCGG) and d(CCGCTAGCGG) (12). All of these structures adopt the stacked-X
form, but comparisons between the different structures clearly show that there is a large degree
of conformational variability in four-way junctions. The DNA/RNA complexes show that the
orientation between the stacked arms across the junction (the interduplex angle, Figure 1b) can
be either right-handed, as seen in solution, or left-handed. This high degree of flexibility may be
associated with one arm being extremely short (one base pair) in these constructs, although an

electrostatic interactions between the arms (13). This interduplex angle was seen to be affected
by drug binding, with a 41° interduplex angle seen in the d(CCGGTACCGG) structure, but a
more shallow 38° angle in the psoralen adducts of the two related sequences. All of these angles
are much shallower than the ~60° estimated from anomalous gel migration (14) and fluorescence
resonance energy transfer studies in solution (15), and by AFM (16). Thus, the Holliday junction
shows some degree of conformational flexibility, at least in this angle relating the orientation of
the stacked arms.
A comparison of the two junction forming sequences d(CCGGGACCGG) and
d(CCGGTACCGG) with similar sequences that have been crystallized as standard B-DNA
duplexes identified a common A6pC7pC8 trinucleotide core for the Holliday junction in this
crystal system (11). These crystal structures suggest that a number of interactions are associated
with this core sequence, including i) a direct hydrogen bonding interaction between the N4
amino group of cytosine C8 and the phosphate of C7 on the major groove side of the junction
cross-over, ii) a solvent mediated hydrogen bond between the keto oxygen of guanine G3 (which
complements C8) and the phosphate oxygen of A6 at the opposing minor groove side, and iii) a
sodium ion that sits within the junction, coordinated to the two phosphate oxygens at A6 (Figure

4
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atomic force microscopy (AFM) study suggests that this angle may be dependent on the local
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Fig. 2

2a). It was clear that these interactions, and thus the significance of the ACC trinucleotide core
in fixing the junction, are not affected by perturbations from mismatched base pairs or by
covalent cross-links to the drug psoralen. Outside of the crossover strands, the conformations of
the stacked arms reflect primarily the sequence dependent behavior of the B-DNA double helix
(17).
The current studies were designed to test the relevance of the hydrogen bonding
interactions at the ACC-core for the formation of Holliday junctions. The prediction was that by
5

(where m5 represents a methyl modification to the C5-carbon of cytosine at the eighth nucleotide
position), the direct hydrogen bond from C8 to the phosphates at the cross-over would be
disrupted and, consequently, the junction would be disrupted. Ironically, this sequence has
provided us with the highest resolution structure of a Holliday junction to date. The structure
shows how the methyl modification can be accommodated by distortions to both the detailed and
gross conformational features of the junction, including the targeted hydrogen bonding
interactions, rotational and translational relationships between the stacked arms, and the
interactions of monovalent and divalent cations at the junctions and the stacked arms.

5
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modifying cytosine C8 with a bulky methyl group, as in the sequence d(CCGGTACm CGG)
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Experimental Procedures
5
DNA sequences of d(CCGGTACm CGG) were synthesized on an Applied Biosystems

DNA synthesizer with the trityl-protecting group left intact to facilitate purification by reversephase HPLC. The trityl group was removed with 3% acetic acid, and the DNA desalted on a
Sephadex G-25 (Sigma-Aldrich) column, lyophilized, resuspended in 15 mM sodium cacodylate
buffer (pH 7.0), and used for crystallization without further purification. Crystals were grown at
room temperature by vapor diffusion in sitting drop setups with initial solutions containing 0.5

and equilibrated against a reservoir of 20% (v/v) 2-methyl-2,4-pentanediol (MPD).

X-ray

diffraction data were collected at liquid nitrogen temperatures using 1.15 Å wavelength radiation
from beamline 5.0.2 at the Advanced Light Source in Berkeley, CA (Table 1). The dataset was
reduced using the programs DENZO and SCALEPACK from the HKL package (18).
5
Crystals of d(CCGGTACm CGG) grew as thin diamonds (a crystal measured at

0.25x0.25x0.05mm3 was used for data collection) and belong to the space group C2 with unit cell
dimensions a = 65.5 Å, b = 24.7 Å, c = 37.0 Å, and β = 110.0°. These dimensions are similar to
the nonmethylated sequence d(CCGGTACCGG) (a = 66.5 Å, b = 23.5 Å, c = 76.9 Å, β =
114.8°), except that the c-axis in the methylated structure is now nearly half of that of the parent
sequence.

The asymmetric unit of the methylated sequence is thus half that of

d(CCGGTACCGG), consisting of two rather than four strands of DNA.

However, the

methylated and nonmethylated structures are not isomorphous, even when this difference in the
asymmetric unit is taken into account. The structure of the methylated structure was solved by
molecular replacement by applying a directed real space translation/rotation/rigid body search
(X-PLOR 3.851 (19) script written in this lab) with two separate pentamer B-DNA double
helices serving as search models. The resulting model consisted of two DNA strands (one cross-

6

T. 1

Downloaded from http://www.jbc.org/ at GEORGE FOX UNIV on April 2, 2015

mM DNA, 25 mM sodium cacodylate buffer (pH 7), 10mM CaCl2, and 2 mM spermine•4HCl
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over strand and one noncross-over strand), with the complete four-stranded junction generated
by a crystallographic two-fold axis.
The methylated Holliday junction was initially refined in CNS (20) using rigid body and
simulated annealing procedures followed by conventional positional and individual B-factor
refinement. A total of 95 waters and one calcium ion were modeled into the electron density,
bringing the Rcryst and Rfree to 24.7% and 27.6%, respectively. The structure was completed using
Refmac5 (21), with TLS refinement (22) defining sugar-phosphates and bases as individual

factors have been deposited in the Protein Data Bank (23), with accession number 1L6B.

7
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groups, resulting in the final Rcryst = 21.8% and Rfree = 26.4%. The coordinates and structure
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Results
Structure of d(CCGGTACm5CGG) as a Holliday Junction
The original intent of this study was to test the hypothesis that the direct hydrogen bond
between the exocyclic amine on the cytosine 8 (C8) nucleotide and the non-esterified oxygen
(O2P) on the phosphate of the cytosine 7 (C7) nucleotide is required for forming the Holliday
junction in the symmetric d(CCGGTACCGG) sequence (11) (Figure 2a). Methylating the
cytosine base at C8 was predicted to interfere with this direct hydrogen bond and, consequently,

d(CCGGTACm5CGG) and, indeed, the hydrogen bond was seen to be disrupted (Figure 2b).
However, the four-stranded junction conformation persists in the structure of the methylated
sequence (Figure 3), but the geometry and solvent interactions have been perturbed by this added Fig. 3
substituent group.
The structure of d(CCGGTACm5CGG) was solved to 1.5 Å by molecular replacement
using B-DNA duplexes as the search model because crystals of methylated and nonmethylated
d(CCGGTACCGG) sequences were not isomorphous.

Electron density maps were

discontinuous between the adenine A6 and cytosine C7 of the starting B-DNA duplex model.
The densities at these positions were seen to connect the phosphodeoxyribose backbones of
adjacent duplexes, consistent with the formation of a four-way junction (Figure 3c). The final
refined structure consists of two unique strands of DNA that sit on a crystallographic two-fold
symmetry axis to generate the complete four-stranded Holliday junction (Figure 3a, b). This
represents the highest resolution structure to date of a Holliday junction. As with the structures
of d(CCGGGACCGG) (10) and d(CCGGTACCGG) (11), the methylated d(CCGGTACm5CGG)
junction is in the antiparallel right-handed stacked-X form. The strand crossovers of the junction
occur between the A6 and C7 nucleotides, with each 4-basepair arm stacked on a 6-basepair arm
8
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with the formation of the junction. We have solved the crystal structure of the sequence
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to form pseudocontinuous duplexes on either side of the junction (Figure 3b).

The angle

between these stacked duplexes (the interduplex angle, Figure 1b) is 41.3°, similar to the
structures in both the d(CCGGTACCGG) and d(CCGGGACCGG) sequences. The Holliday
junction structure in the current methylated sequence, however, shows perturbations in local
conformational features as well as the solvent interactions at the crossover which propagate to
affect other global features.
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Perturbations to the Local Conformation and Solvent Interactions at the Junction Crossover
The detailed conformation at the junction cross-over was seen to be perturbed when
comparing

the

structures

of

the

d(CCGGTACm5CGG)

and

parent

nonmethylated

d(CCGGTACCGG) junctions. Two sets of molecular interactions involving the phosphates of
the junction cross-overs were identified in the nonmethylated d(CCGGTACCGG) and
d(CCGGGACCGG) structures as being important for defining the structural ACC-core of the
junctions. These include i) the direct hydrogen bond between the exocyclic amine N4 of
cytosine C8 and the non-esterified oxygen O2P of C7 and ii) a water (W1) mediated hydrogen
bonding interaction between the keto O6 oxygen of the complementary G3 nucleotide on the
outside strand and the non-esterified oxygen O1P of A6 (Figure 2a). The methyl group in the
current structure sterically disrupts the direct N4 to O2P hydrogen bond by pushing the
phosphate of cytosine C7 away from the stacked arms. The loss of this direct hydrogen bond is
compensated by the insertion of an intervening water molecule (S2) which acts to bridge the now
widened gap between the phosphate of the junction and the base of methylcytosine m5C8 (Figure
2b, Figure 4a). This indicates that the direct hydrogen bond from the nucleotide base to a

9

Fig. 4
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backbone phosphate in itself is not required for the formation of four-way junctions in this
crystal system.
The steric interaction of the methyl group with the phosphates at the crossover also
increases the phosphate-phosphate distance between C7 and C8 from an average of 6.5 Å in the
nonmethylated structure to 6.8 Å in the methylated junction. This causes a shift in the backbone
that propagates to affect the conformation of the phosphate of A6 that sits at the opposite face of
the junction crossover (Table 2). Together, the two symmetry related A6 phosphodeoxyribose T. 2
Downloaded from http://www.jbc.org/ at GEORGE FOX UNIV on April 2, 2015

groups form a tight cavity that is shielded from solvent by the O2P oxygen. In the nonmethylated structure, a sodium ion is coordinated to these A6 phosphate oxygens within the
cavity at the center of the crossover (Figure 2a). The shift in the position of the A6 phosphate in
the methylated structure distorts the geometry and compresses the size of the cavity. No electron
density corresponding to the sodium ion is seen within the cavity of the methylated junction
(Figure 3c), indicating that this sodium ion has been dislodged. The volume of the cavities,
calculated using the program VOIDOO (24) with standard van der Waals radii for atoms,
corresponds to a sphere of radius 1.1 Å in the parent non-methylated junction, but only 0.9 Å in
the methylated junction. Thus, a sodium ion, with an ionic radius of 1.13 Å (25), just fits into the
space sandwiched between the A6 phosphates in the nonmethylated structure, but would be
excluded by the compressed cavity of the methylated junction (Figure 5).
The other interaction that was proposed as being important for forming the junction in the
nonmethylated d(CCGGTACCGG) sequence (11) was a water molecule (W1) that bridged the
O1P of A6 (which points away from the central cavity of the junction) and the O6 of the guanine
G3 base on the outside strand (Figure 2a). In the current methylated junction structure, this
water remains hydrogen bonded to the guanine base, but its distance to the phosphate oxygen is

10

Fig. 5
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greatly extended. The larger distance between the phosphates at the junction and the stacked
arms can now accommodate two additional solvent molecules (S3 and S4, Figure 2b, 4a). We
have identified S3 as a sodium ion because of its very close approach to the O1P of A6 (<2.5 Å)
(Figure 4a). The close packing of four negatively charged phosphates at the junction crossover
suggests the need for positive counterions to balance the electrostatic potential. With the sodium
ion now missing from the center of the junction, one would expect to see some compensating
counterion in the vicinity of these closely spaced phosphate groups. This putative sodium ion

of guanine G3 on the outside strand, and the water (S2) bridging the amino nitrogen N4 of C8
and the O2P oxygen of the phosphate at C7. Finally, an additional water molecule (S4) bridges
the O1P oxygen of the A6 phosphate and the exocyclic amine N4 of C7 providing a complete
first shell of solvent molecules that connects the junction to the base pairs of the stacked duplex
arms.
More distant from the junction, we see differences in cation interactions at the DNA
duplexes of the arms. In addition to the putative sodium counterion that helps to bridge the gap
between the stacked arms and the junction cross-over, a calcium ion was placed in a set of strong
electron density that lies within the minor groove of the 4 base pair arm between nucleotides C2
and G3 (Figure 4b). This ion shows six distinct electron density peaks within 2.1-2.5Å of the
calcium center. These have been assigned as the six coordinating waters of a hexaaquo-calcium
complex. We would expect to see additional ion interactions to compensate for the large
negative potential at the crossover of the Holliday junction structures, but this is the first time a
divalent ion has been observed in any of the DNA junction structures and, ironically, it does not
directly interact with the junction, but sits in the groove on the opposite side of the duplex.

11
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coordinates the O1P phosphate oxygen of A6, the water (S1) hydrogen bonded to the O6 oxygen
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Magnesium ions have been foot-printed to specific sites of asymmetric junctions formed in
solution (26); however, neither the d(CCGGGACCGG) junction grown with Mg2+ (10) nor
d(CCGGTACCGG) grown with Ca2+ (11) revealed any evidence for divalent cations.

In

contrast, a similar well ordered Ca2+ complex was found in the minor groove of the 0.74Å BDNA structure of d(CCAGTACTGG)2 (27) at nearly the same location as in the current
methylated junction structure. This suggests that the calcium complex may not be specifically
involved in stabilizing or in defining the geometry of the junction, but rather that it is associated

stacked arms of this methylated junction and the B-DNA structure.

Perturbations to the Global Geometry of the Junction
The local perturbations to the structure of the junction caused by the methyl group are
propagated throughout the structure of the d(CCGGTACm5CGG) junction.

Although the

conformation of the methylated junction remains a right-handed stacked-X conformation with an
interduplex angle of 41.3°, similar to the structures of the previous all DNA junctions (10, 11),
the relative translation along and rotation about the helix axes of the stacked duplex arms across
the junction are perturbed. These effects are apparent when the methylated and non-methylated
junctions are superimposed using only the atoms of one of the outside strands as references. The
stacked arms of the non-superimposed duplex are shifted approximately 3.4 Å along the helix
axis (Figure 6) and each duplex has been rotated about its helix axis by approximately 5° Fig. 6
towards the minor groove of the adjacent stacked duplex across the junction (Figure 2b).
Consequently the methylated junction is opened by 10.8°, resulting in a greater exposure of the
major groove surfaces relative to the original nonmethylated conformation (11).

12
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with the similarity in conformation or in the crystal environment of the DNA duplexes in the
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These perturbations in the methylated structure are reflected in two parameters, Jslide and
Jroll (Figure 1 c, d), which we have defined to describe the translational and rotational
perturbations across the junction, respectively. The sliding of the duplex arms along the helix
axis can be attributed to the steric contact between the methyl group at cytosine C8 and the
phosphate of cytosine C7 at the junction crossover (methyl carbon to phosphate oxygen distance
= 3.54 Å). Modeling this methyl group directly onto the nonmethylated structure results in
analogous methyl carbon to phosphate oxygen distances of 2.36 to 2.44 Å.

This steric

stacked 6-basepair arm of this pseudocontinuous duplex follows to maintain the base stacking
interactions. The inherent two-fold symmetry of this four-way junction requires the same steric
contact to occur on the opposite side, resulting in a concerted slide of the two-stacked duplexes.
A less dramatic effect is seen on the relative rotations along the helix axes of the two sets
of stacked duplex arms across the junction. This results in the slight offset of the duplex
perpendicular to the helix axis evident in Figure 6b. In both methylated and nonmethylated
structures, the duplexes are actually rolled towards the major groove so that the grooves are
slightly facing each other (Figure 2a). In the methylated d(CCGGTACm5CGG) structure, the
rotation of the duplexes is less pronounced, resulting in a junction that is more open towards the
major groove (Figure 2b). This perturbation in the geometry of the junction can again be
attributed to the methyl group on cytosine C8 pushing against the phosphate of C7, but in the
lateral direction. This perturbation, however, results in a concerted rotation rather than the
apparent offset of the duplexes seen in Figure 6b. The Jroll angle of the duplexes (Figure 1d)
across the junction towards the major groove side can be estimated by from the vectors
extending from the center of the junction out to the two opposing outside strands (Figure 2a).

13
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interaction pushes the 4 base pair arm in a vertical direction, up and away from the junction. The
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The center of the junction was defined by averaging the coordinates of the four phosphates at the
junction crossover strands, while the vector ends were determined by averaging the two
phosphate positions on both of the outside strands to give two vectors. The resulting Jroll angle
for the nonmethylated junction was estimated to be 159°, while that of the methylated junction
was 170° (Figure 2b). Thus the adjacent duplexes in the methylated junction have been rotated
by ~11° to increase the exposure of the major grooves at the crossover.
In general, the conformations of the base pairs along the stacked arms are nearly identical

than 20° between the two structures for the nucleotides that are not in the ACC-core or the ends.
An exception is the large discrepancy in the ζ dihedral angle at A6 on the noncross-over outside
strand. This is likely a crystal packing effect rather than any perturbation that is intrinsic to the
methylated junction. The backbone dihedrals at A6 in the nonmethylated junction fall into the
unusual BII category (ζ §-96.8°), while they fall in the BI category (ζ §7 to 166.1°) in the
methylated junction (28). The A6 nucleotide of the nonmethylated structure is in direct contact
with an adjacent, symmetry related molecule.

This crystal contact is lost in the current

methylated structure because of the sliding and rolling of the duplexes induced by the methylated
C8 nucleotide. Thus, the nonstandard BII backbone conformation in d(CCGGTACCGG) can be
attributed to perturbations associated with crystal lattice contacts. Furthermore, the detailed
structure of the stacked duplex arms reflects the effects of sequence on the structures of the
analogous B-DNA duplexes, as we had previously seen (17), even when the geometry of the
junction is perturbed.

14
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between the methylated and nonmethylated junctions, with the dihedral angles differing by less
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Discussion
The 1.5Å resolution single crystal structure of the complex formed from 4 strands of
d(CCGGTACm5CGG) demonstrates that cytosine methylation does not disrupt the formation,
but perturbs the local and global conformation of the Holliday junction. This junction shares
some similarities to the previous all DNA structures of d(CCGGGACCGG) (10) and
d(CCGGTACCGG) (11). All three form right-handed stacked-X junctions with interduplex
angles of ~41°. The methylated junction is composed of all Watson-Crick base pairs like the

significantly affects the local structure and hydration at the junction cross-overs, which are
associated with a global slide along and roll around the helix axes of the stacked duplexes across
the Holliday junction.
Simply the observation that this methylated sequence forms a junction obviates the
absolute necessity of a direct hydrogen bond between the base of cytosine C8 and the phosphate
of C7 for a Holliday junction with an ACC-core trinucleotide. This would now appear to lift the
requirement that a cytosine occupy the third position of the ACC-core, which was thought to be
important in the crystallization of d(CCGGGACCGG) and d(CCGGTACCGG) as junctions. In
introducing a water molecule to mediate this hydrogen bonding interaction, we would expect that
the specificity for the hydrogen bond donating N4 amino group of the cytosine would be lost,
and could be readily replaced by a hydrogen bond accepting keto oxygen (i.e., this cytosine
should be replaceable by a thymine base). However, the single crystal structure of the sequence
d(CCAGTACTGG), which replaces cytosine C8 at the ACC-core with a thymine, has been
solved to 0.74Å resolution as a standard B-DNA double-helix (27). Thus, other interactions,
perhaps unique base pair stacking interactions or other base pair specific effects (for example,

15
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parent nonmethylated junction in d(CCGGTACCGG), but the presence of the methyl group
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the inherent large propeller twist of a TA base pair (29)), are important in defining the sequence
specificity for fixing the position of the junction in these symmetric DNA sequences.
With the direct C8 to phosphate hydrogen bond now disrupted in the methylated
structure, we can ask how does cytosine methylation affect the stability of four-way DNA
junctions? There are currently no biochemical studies to directly address this question but, from
the current structure and by analogy to other DNA conformations, we can speculate on the
molecular basis for potential stabilizing effects. For example, the methyl groups of pyrimidine

DNA (30), Z-DNA (31), and an extended and exposed form of the duplex (32). An argument for
why the methyl group contributes to thymine being a base that disfavors A-DNA involves the
close packing of the thymine CH3 against the C2' carbon of the ribose on the 5'-adjacent
nucleotide to favor the B-DNA structure through hydrophobic effects (33). In the current
structure of the methylated Holliday junction, the methyl group of the C8 cytosine base appears
to stack above the C2' carbon of the adjacent deoxyribose sugar, and could perhaps help to
stabilize the junction in a similar fashion; however, the long distance between the two carbons
(4.3 Å) would seem to minimize the contribution of such an interaction. In addition, the C5
carbon of the cytosine base that is closest to the sugar is actually slightly further from the C2'carbon in the methylated as opposed to the nonmethylated parent structure (extending from 3.1 Å
to 3.5 Å), suggesting that the steric interaction of the CH3 group with the phosphates of the
cross-over strands impinges on this interaction.
In contrast, the stabilization of Z-DNA by cytosine methylation has been attributed to the
methyl group being exposed to solvent in B-DNA, but partially buried in a hydrophobic pocket
of the left-handed Z-form (34). In the current junction structure, we see that the methyl group is

16
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bases have been shown to affect the formation of unusual forms of duplex DNA, including A-
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similarly partially protected by the DNA duplex across the junction. One can therefore make a
similar argument on the basis of general solvent accessibility that the m5C nucleotide of the
ACm5C-core of the current structure would facilitate formation of a junction by burying the
methyl group, which would otherwise be exposed in B-DNA, within the space between the
junction and the stacked arms.
The closest atom to the methyl group of the C8 cytosine is the O2P phosphate oxygen of
the cross-over strand. We would expect this oxygen to carry a partial negative charge and,

positive Hammet-σ constant makes CH3 an electron donating substituent to an aromatic ring
(35). The evidence that this is also true when that ring is a cytosine base can be seen in the
elevated pKa of the methylated nucleotide, specifically under conditions where favorable
stacking interactions facilitate hydrogen bonding to a protonated cytosine (C+) in a base triplet
(36) or four-stranded DNA quadraplexes (37). Although we see no evidence for participation of
a m5C+ base in the DNA junction (a m5C+·G would adopt a wobble conformation, much like that
of a mismatched T·G base pair), we would expect that as an electron donating substituent, the
methyl group would carry a partial positive charge.

The close proximity of this electron

deficient methyl to the negatively charged phosphate oxygen (C to O distance of 3.53 Å) could
provide some electrostatic stabilization to the junction. Comparisons of cytosine nucleotides in
A-DNA single crystals show a shorter distance of the phosphate backbone to the methylated
versus the nonmethylated base (38). Thus, although we had expected cytosine methylation at the
C8 position to disrupt an apparently important hydrogen bond and, consequently, to destabilize
the junction, there may be both hydrophobic and weak electrostatic interactions that can
compensate for this loss. The degree to which these compensating interactions contribute to the
stabilization or destabilization of the junction is yet to be determined.
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therefore, can speculate on the electrostatic effects associated with the methylated base. The
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One of the unexpected results from the current structure is that the sodium ion at the
center of the nonmethylated d(CCGGTACCGG) junction (11) has been displaced from its
protected cavity. The placement of this counterion, which would help to balance the negative
potential of the very closely positioned phosphates at the junction crossover, is, as with the direct
hydrogen-bonding interaction, not absolutely required.

Rather, this sodium ion is now

apparently expelled to the gap between the junction and the stacked duplex arms, and is now
coordinated to the outer O1P oxygens of the same phosphates. This raises two interesting

nonmethylated junctions, and can a sodium ion enter and exit the four-stranded junction without
unfolding the complex?
A comparison of the electron densities of the solvent molecules (S1 to S4) at the
methylated junction indicates that they are all well ordered, but not equally occupied (Figure 4a).
The density around S3 appears to be significantly weaker, and its associated temperature- or Bfactor significantly higher (B-factor > 50 Å2) than the surrounding atoms, including those for S1,
S2, and S4 (average B-factor §Å2). When we assume that the thermal disorder, and thus the
B-factor of S3 should be similar to the other three solvent molecules in this cluster (which is
reasonable because it is interacting with the other solvent molecules and the DNA), the
occupancy of S3 can be estimated to be approximately half that of the associated solvent
molecules. Furthermore, if our assignment of S3 as a sodium ion is correct, then the total
number of monovalent cations at the methylated junction will effectively be identical to that of
the nonmethylated junction, which is one sodium ion, either at the central cavity or shared
between two sites. There does not appear to be any net change in the neutralization of the
negative charges at the junction, with apparently only a single monovalent cation to
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questions. Is the charge neutralization at the crossovers exactly the same in the methylated and
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counterbalance the four negatively charged phosphates. One would expect that sodium ions
would be capable of fully occupying both sites available in the methylated junction, thereby
reducing the net negative charge of the phosphates at the junction, but we see only a single
sodium essentially sharing time in one or the other of the potential sites. Thus, we can ask what
is the effective charge of the phosphates at the crossover of the junction in the crystals? At the
very most, the two phosphates at A6 would have effective charges of –0.5 to counterbalance the
single sodium. The other –0.5 charge must be accounted for somehow in order to maintain an

or, an interesting alternative, from a dramatic shift in the pKa of the phosphates so that they are
partially protonated under neutral conditions. Bringing four negatively charged phosphates in
such very close proximity in a solvent depleted environment could provide sufficient
electrostatic energy to perturb the pKa of the nonesterified oxygens. The more likely explanation
is that there are counterions that have not been located even at the high resolution of the current
structure. However, each phosphate appears to have a full complement of solvent molecules at
its first shell. Thus additional counterions must either be currently assigned as water molecules,
or must be acting at a distance (beyond the first hydration shell). This would suggest that direct
cation interactions, other than the single sodium ion, are not essential to the crystallization of a
stacked-X junction.
The question of whether the sodium ion is trapped in the nonmethylated
d(CCGGTACCGG) structure as the four-strands are being assembled cannot be directly
addressed here, but a comparison of the void volumes within the methylated and nonmethylated
structures (Figure 5) presents a possible pathway by which a sodium can enter or leave the
internal cavity without the need to completely disassemble the Holliday junction. When the
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electrostatically neutral environment. This could come from other, more disordered counterions
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junctions were probed with spheres of different sizes, the pocket where the sodium resides in the
nonmethylated structure was seen to be flanked by two slightly smaller pockets (Figure 5a).
These additional cavities are also present in the methylated structure (Figure 5b); however, the
collapse of the junction associated with methylation pushes these cavities away from the center
and towards the surface, making them accessible to the solvent in the space between the
crossover strands and the stacked arms. Interestingly, the sodium ions assigned to the current
methylated structure (Figure 4b) sit at the mouths of these invaginations. A mechanism therefore

junction through rearrangements between the collapsed methylated and expanded nonmethylated
states, in conjunction with less drastic conformational breathing. Figure 7 shows how a cation
that is initially coordinated to the O1P phosphate oxygen at the surface of the crossover strands
can be captured and eventually coordinate at the central cavity. Starting with the junction in its Fig. 7
collapsed state (that of the methylated junction, Figure 7a), a pocket can form with only minor
conformational breathing (Figure 7b). The suggestion from the surface calculations shown in
Figure 5 is that the surface can be invaginated with ~0.1 Å shifts in the positions of the atoms in
the collapsed junction. Pinching off this pocket to render it now inaccessible requires a more
dramatic conformational rearrangement from the collapsed to the expanded form of the
nonmethylated junction (Figure 7c). This larger conformational change, however, also opens the
central cavity, allowing the ion to sandwich itself between and become coordinated to the two
O2P oxygens of the phosphates that line the internal cavity (Figure 7d). In solution, any
dynamic skewing or rocking between the linked duplexes could readily expand or collapse the
junction to facilitate the movement of a sodium cation in or out of the central core of the
structure. Thus, it is possible for a small cation to enter and leave the buried cavity within the
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is suggested from the crystal structures in which a sodium ion can enter or exit a fully folded
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junction without the need to completely disassemble the complex. Furthermore, it is also likely
that, in solution, these motions are coordinated with the conformational dynamics of the junction,
and a single ion may fluctuate between the central cavity and the solvent surrounding the
junction.
The other cation interaction seen in the current structure is the Ca2+(H2O)6 complex in the
minor grooves of the four base pair arms of the stacked duplexes. This complex does not appear
to be in a position to direct the formation of the complex, because it lies distant from the defining

stacked-X form by neutralizing the negative potentials of the phosphates in this stretch of the
DNA double-helix. We had argued that the nearly identical placement of this complex in the
junction and in the B-DNA structure of d(CCAGTACTCGG) (27) suggests that this is associated
with the contacts in the two lattices. The packing of d(CCAGTACTCGG) duplexes in the
crystal is very similar to the relationship between stacked duplexes in the junction structure and,
therefore, this cation complex may play analogous roles in the formation of the stacked-X
junction and the B-DNA crystal lattice.
The interduplex angle in the junction, however, is likely not defined by any of the direct
or water mediated hydrogen bonds or cation interactions seen at the junction, nor by the divalent
cation complex further from the junction. We had proposed that the 41° angle is defined by a
close phosphate-phosphate contact (P to P distance §  Å) between the terminal G12 and C2
across the two opposing stacked duplexes of the junction (6). Although the duplexes of the
methylated structure are translated and rolled relative to the nonmethylated structure, these
phosphates remain in close contact (with P-P distances of 5.8 Å in the parent nonmethylated
junction extended slightly to 6.7 Å in the current methylated structure).
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features of the junction. However, it could help to generally stabilize the junction in its compact
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Aside from the structural effects, does a methylated Holliday junction play a significant
biological role? Whitehurst, et al., have suggested that cytosine methylation is involved in
regulating V(D)J recombination (39). These effects could be attributed to the influence of CpG
methylation on local chromatin accessibility (similar to the effect on transcriptional regulation),
or on binding and recognition by the associated recombinase. The structural changes induced by
the methyl group could affect how proteins may recognize the junction. The rotations of the
duplexes increases exposure of the major grooves of the stacked arms, allowing base pairs in the

contrast, the collapse of the junction makes the phosphates less accessible. The current structure
shows that there is conformational flexibility in the geometry of the junction in parameters
besides twisting about the standard interduplex angle. This is apparently an area that is not well
studied, and it would be interesting to determine whether the perturbations to the Holliday
junction associated with cytosine methylation have any effect on cellular events that rely on
homologous recombination.
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area immediately adjacent to the junction to be more readily accessible and recognized. In
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Figure Legends
Figure 1. Structure of Holliday junctions. a. The open-X (left) and stacked-X (right) forms of
DNA four-way junctions. Arrows point from the 5’ to the 3’ ends of each strand. Continuous
duplex regions are shown as cylinders. The stacked-X structure is shown in its antiparallel
configuration. b. The interduplex angle. The two duplexes that are linked by the crossover
strands of the junction can be related in a true antiparallel fashion (center panel). However, the
current crystal structures of DNA junctions show that the duplexes are related either in a left-

Translations along the helix axes of adjacent duplexes. The duplexes can skew relative to each
other along their helix axes to change the relative positions of base pairs across the junction. We
have defined here a positive Jshift for the antiparallel stacked-X junction as a translation in the 5’to 3’-direction of the outside strands. d. Rotations of adjacent duplexes about the helix axes.
The stacked arms can roll along their helix axes to define a positive Jroll as one towards the major
grooves, making them either more or less exposed.

Figure 2. Base pairs flanking the junction viewed down the helix axes of the stacked arms. The
duplexes joined by the junction cross-overs in the nonmethylated (a) and methylated (b)
sequence in the antiparallel stacked-X are rotated towards each other so that their major grooves
(labeled M) are essentially pointing in the same direction relative to the junction. a. View of the
nonmethylated junction showing the duplexes rotated towards the major grooves and away from
the minor grooves (m). The relative rotation between the duplexes is shown to be acute in this
parent structure, as can be seen by the angle between the vectors that extend from the center of
the junction to the two opposite outside strands (red lines). The water molecule observed at the
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handed (a negative interduplex angle) or right-handed (positive interduplex angle) sense. c.
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junction in the structure (11) is shown as a red colored sphere and labeled W1, while the sodium
ion is shown as a violet sphere and labeled Na+. Interactions between the solvent and the DNA
atoms are indicated by dashed lines. b. The methylated structure shows smaller roll between
duplexes (Jroll, Figure 1d), resulting in a more shallow angle relating the rotation of the duplexes,
as seen again by the vectors that extend from the junction center (red lines are from the
nonmethylated structure in (a), while the blue lines represent the vectors of the current
methylated structure). Solvent molecules are shown as red (water) and violet (sodium) spheres

created and rendered with InsightII (MSI Biosym, Inc.)).

Figure 3. The Holliday junction in the crystal structure of d(CCGGTACm5CGG). a. The
antiparallel four-stranded junction is formed by the association of two unique strands (blue and
green) and two strands (red and orange) generated by the two-fold symmetry of the crystal space
group. b. Atomic structure of the junction. The atoms are shown as stick models, and the
phosphodeoxyribose backbone traced with a solid ribbon. The ribbons and atoms are colored
according to the strands in (a). In the stacked-X junction, the outside strands (blue and red)
wraps around the helix axis in the manner as a standard B-DNA strand, while the cross-over
strands (green and orange) leave their respective duplex, make sharp U-turns, and pair to the end
of the adjacent duplexes (panel created and rendered in InsightII (MSI Biosym, Inc.)). c.
Electron density at the junction crossover. A 2Fo-Fc map was drawn with 1σ contours to show
the break in the backbone between nucleotides A6 and C7, and the migration of the density to the
adjacent duplex to form the cross-over of the junction (panel created with Bobscript (40)).
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interacting with the DNA atoms (dashed lines). The molecules are labeled S1 to S4 (figure was
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Figure 4. Electron densities of the solvent bridging the junction cross-over to the stacked arms
(a) and of the hexaaquo-calcium complex in the minor groove of the stacked arms (b) in the
structure of d(CCGGTACm5CGG) structure. Electron densities at 1σ (blue) and 2σ (orange)
contours are shown from the 2Fo-Fc calculated electron density maps calculated for the solvent
spaces in the two regions of the structure. a. Solvent at the A6pC7pm5C8 trinucleotide. Dashed
lines show the shortest interaction distances to other solvent and to the DNA atoms (distances
labeled in Å). b. Calcium complex in the minor groove at base pairs C2-G9 and G3-C8 of the

and-stick model (figure was created with Bobscript (40) and rendered with Raster3D (41)).

Figure 5. Void volumes at the junctions of the nonmethylated sequence d(CCGGTACCGG) (a)
and its methylated analogue d(CCGGTACm5CGG) (b). Accessible surfaces were calculated as
Connolly surfaces (42), and displayed as dots. The calculations were performed for the DNA
atoms only (with hydrogen atoms added by standard geometries), with all solvent molecules
excluded from both models. The surfaces of the exposed DNA and those buried as void volumes
were calculated using probe radii that vary from 0.8 to 1.0 Å, in 0.05 Å increments. We should
note that the van der Waals radii of atoms incorporated into the Connolly calculations (42) differ
from those in VOIDOO, so the values from this figure do not exactly correspond to the radii of
the minimum void volumes described in the text. However, the basic trends for the volumes
calculated with different probe radii from the two programs are similar. The central cavity seen
in the nonmethylated junction (a) is sufficient in size to fit a sodium ion, and is flanked by two
unfilled volumes that are approximately 0.05 Å smaller in radius. In the methylated junction (b),
two small solvent accessible pockets appear at probe radii 0.05 Å smaller than the sodium filled
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four base pair stacked arm. The complex modeled into the electron density is shown as a ball-
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cavity in (a), and is lined by the O1P and O2P oxygens of the A6 phosphate of the junction
cross-over (figure was created and rendered with InsightII (MSI Biosym, Inc.)).

Figure 6. Global perturbations associated with methylation of cytosine C8 to the translation and
orientation of the duplexes joined by the Holliday junction. The outside strand of one duplex
from the methylated structure is superimposed onto the analogous strand in the parent
nonmethylated structure (leftmost strands). Cylinders represent the pseudocontinuous DNA

the superimposed reference strands (yellow cylinders) are shown on the left-side of the junction
in (a) and in the back in (b). a. View into the junction. The nonsuperimposed duplex of the
methylated structure (blue cylinder) is seen to be translated by ~1 bp (3.4Å) along the helix axis
that runs through the base pairs (in the 3’-direction of the outside strand) relative to that of the
nonmethylated structure (red cylinder). Carbons of the methyl group are rendered as spheres. b.
View along the junction. The skew along the helix axis is seen to be accompanied by a slight
offset of the nonsuperimposed duplex towards the minor groove of this duplex. Figure 2b shows
this apparent offset to actually be a result of the two duplexes rolling about their respective helix
axes towards the minor groove (figure created and rendered with InsightII (MSI Biosym, Inc.)).

Figure 7. Pathway to encapsulate a sodium ion into the central cavity of the folded Holliday
junction, modeled with the void volumes calculated from the crystal structures of the methylated
and nonmethylated junctions. The exposed and buried surfaces of the collapsed methylated
(panels a and b, from Figure 5b) and the open nonmethylated junction (panels c and d, from
Figure 5a) are traced with curved lines. The volumes filled by the DNA atoms are shown
shaded, with the bonds of the nucleotide adenine A6 and the base of cytosine C7 shown as
30

Downloaded from http://www.jbc.org/ at GEORGE FOX UNIV on April 2, 2015

double helices formed by stacking the arms of the Holliday junction. The stacked duplexes of
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simple lines. The O1P and O2P oxygen atoms of the A6 phosphate are drawn as small open
circles. The sodium ions are rendered as spheres, while the coordination of the cations to the
oxygens of the A6 phosphates seen in the crystal structures of the methylated and nonmethylated
junctions are shown as dashed lines.

The open double headed arrows indicate minor

conformational breathing, while the filled arrow indicate the need for conformational
rearrangement of the collapsed methylated junction to the open nonmethylated form. a. Surface
of a collapsed junction with no ions at the central cavity (corresponding to Figure 5b, 0.8 Å

form by invagination of the collapsed junction surface (from Figure 5b, 0.85 Å probe). c. The
pockets in (b) are pinched off from the surface with the conformational rearrangement that forms
a more expanded junction at the center (from Figure 5a, 0.85 Å probe). d. The sodium ion falls
into the central cavity and is coordinated to the O2P oxygens (Figure 5a, 0.95 Å probe). The ion
can be captured from either side of the junction, but only one can fit into the central cavity.
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probe), with cations coordinated to the O1P oxygen at the surface. b. Solvent accessible pockets

Running Title: Effects of cytosine methylation on Holliday junctions
Table 1. Data collection and refinement statistics
CCGGTACm5CGG

Sequence:
Data Collection

Space Group C2
Unit Cell Dimensions a = 65.5 Å, b = 24.7 Å, c = 37.0 Å, β = 110.0°
Resolution 20.0 Å - 1.5 Å
Total reflections (unique) 18200 (7988)
1

87.3% (39.3%)

Rmeas1,2 4.8% (43.5%)
Refinement
3

Rcryst (Rfree)

21.8% (26.4%)

DNA (Solvent) atoms 406 (96)
RMSD Bond lengths 0.012 Å
RMSD Bond angles 2.08°
1

Values in parentheses refer to the highest resolution shell
Rmeas = Σhkl • ( n / n-1 ) Σi | ‹I›hkl - Ihkl, i | / Σhkl Σi | Ihkl, i | where Ihkl is the intensity of a reflection, ‹I›hkl

2

is the average of all observations of this reflection and its symmetry equivalents, and n is the
multiplicity (43).
Rcryst = Σhkl | Fobs- kFcalc | / Σhkl |Fobs|. Rfree = Rcryst for 10% of the reflections that were not used in

3

refinement (44).
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Completeness
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Table 2.

Comparison of the dihedral angles at the ACC-core of the junctions in

d(CCGGTACm5CGG) and the parent structure d(CCGGTACCGG) (11).

Values for the

nucleotides A6, C7, and C8 are listed only for the strands that cross over to form the junction in
both structures.

The two unique cross-over strands are averaged for the nonmethylated

d(CCGGTACCGG) structure (values in parentheses indicate the difference of each value from
the mean).
β

γ

δ

ε

ζ

χ

A6

-59.8°

-176.1°

43.5°

142.1°

-80.2°

-78.3°

-84.1°

C7

-59.2°

-171.9°

65.4°

133.1°

-125.3°

-75.2°

-154.6°

m5C8

-80.5°

163.4°

50.5°

142.0°

-102.2°

167.9°

-70.0°

-30.7°

152.3°

34.0°

141.7°

-89.0°

-77.8°

-84.8°

(4.0)

(3.2)

(1.2)

(1.1)

(0.6)

(0.8)

(2.5)

-75.1°

-157.9°

57.8°

149.8°

-115.2°

-97.9°

-147.4°

(5.02)

(2.1)

(3.8)

(2.4)

(0.1)

(0.0)

(0.7)

-64.7°

145.6°

45.1°

138.7°

-83.9°

167°

-82.3°

(2.2)

(6.5)

(2.3)

(3.5)

(1.9)

(2.9)

(1.1)

Methylated

Nonmethylated
A6

C7

C8

Definitions for the dihedral angles along the phosphodeoxyribose backbone are α O3’i-1-P-O5’C5’, β P-O5’-C5’-C4’, γ O5’-C5’-C4’-C3’, δ C5’-C4’-C3’-O3’, ε C4’-C3’-O3’-Pi+1, and ζ C3’O3’-Pi+1-O5I+1. The χ-angle relates the base to the deoxyribose about the glycosidic bond, and is
defined as the central angle for O4’-C1’-N1-C2 for pyrimidine, and O4’-C1’-N9-C4 for purine
nucleotides. Angles measured using the program 3DNA (45).
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